Autonomous underwater robots have more outstanding benefits than research ships for benthonic detection. A key problem is how to better use the detection senor on the robot, such as the multi-beam sonar. However, the application method for multi-beam sonar on the underwater robot has not been introduced in detail until now. The techniques for the application of detection equipment are discussed and studied, and the main contents include interface, installation, acoustic synchronization, system error amending, and survey line design. The fine topographic maps were obtained from the multi-beam sonar on the robot. The trials show the validity of the proposed techniques.
Introduction
Marine surveys are a main application area for an autonomous underwater robot. With the progresses in energy and navigation techniques, the workload capacity, as well as sailing endurance and navigation accuracy, have been enhanced. All these performance characteristics meet the requirements for marine survey. An autonomous underwater robot possesses more outstanding benefits than research ships for oceanic scientific exploration and benthonic detection (Lester 2013 ). An autonomous underwater robot moves underwater where external environmental disturbance can be avoided, such as wind, wave, and sea currents. Moreover, the movement of the underwater robot is more stable than that of a research ship, and its radiated noise strength is far less than a ship. What is more significant is that the underwater robot can reach the bottom, and thus high-quality detection data can be obtained. In addition, the reutilization of autonomous underwater robots and multiple robots' cooperation can greatly reduce the huge demand on research ships and persons and improve the detection efficiency in a large-scale marine survey.
The study of detection technology of autonomous underwater robots has drawn the intensive attention among scientific researchers. Komatsua et al. used a multi-beam sonar to map seagrass beds in Otsuchi Bay on the Sanriku Coast of Japan (2003). Song et al. proposed a method for underwater slope measurement using a tilted multi-beam sonar head that was fixed at a ship (2014) . In order to characterize the spatial variability of reef roughness, detection data were collected using side-scan sonar and a narrow beam echosounder, incorporated in a REMUS-100 (Remote Environmental Monitoring UnitS) autonomous underwater vehicle (AUV) (Jaramillo and Pawlak 2011) . The 3000 m class AUV URASHIMA was developed by the Japan Agency for Marine-Earth Science and Technology (JAMSTEC) in order to collect bathymetric data, bottom material information, and subsurface images. A multi-beam echo-sounder, side-scan sonar (SSS), and subbottom profiler (SBP) equipment mounted on an AUV are powerful tools (Kasaya et al. 2011) . To simultaneously localize a robot and accurately map its surroundings, a modified-FastSLAM algorithm was proposed, and used in the navigation of an open-frame AUV, using a mechanical scanning imaging sonar (He et al. 2012) . The Autonomous Underwater Vehicle (AUV-150) obtained images of the seabed with the scanning sensors for typical seabed mapping (Shikha et al. 2014) . The application method for multi-beam sonar on the underwater robot, however, is not introduced in detail.
This paper introduces multi-beam sonar application on an underwater robot, developed by the Shenyang Institute of Automation. With the aim of improving the performance of the sonar deployed on the robot, several technology problems are discussed and studied. The trials show the validity of the proposed techniques.
Design
The multi-beam sonar's application of an autonomous underwater robot is distinguished from that on a research ship. When an autonomous underwater robot carries a multi-beam sonar (MBS), the hardware and software interface between robot and multi-beam sonar should first be considered. The external data required by a multi-beam sonar system include position, attitude, sound speed profile, control commands, clock data, and sound speed. The external signal includes a synchronization trigger pulse. The data and signal are provided by the robot. Whether the multi-beam sonar can work correctly has a lot to do with the following factors. First, the sonar transducers' installation position on the robot is very important. The robot is mounted with an acoustic Doppler velocity log (DVL) and an inertial measurement unit as a navigation sensor, with a high-precision navigation function. The Doppler log's working frequency band may approach the multibeam sonar's working band, causing acoustic interference. Thus it is necessary to find a reasonable working way to make the acoustic equipment have no interaction with each other. In addition, the density of the multi-beam sonar detection data is associated with the swimming speed of the robot. If the speed is too fast, the detection data are sparse, going against mapping. If the speed is too slow, it is not suitable for the robot's control. As a result, it is necessary to analyse the velocity range of the robot. What is more, the attitude angle calibration, sound velocity correction, navigation data delay, line planning, etc. also need to be considered.
Interface Design
An autonomous underwater robot controls the autopilot computer to provide multi-beam echo sonar using control commands, position data, sound speed profile, clock data, and 282 D. Ji and J. Liu clock synchronization pulse, as shown in Figure 1 . Generally, on a research ship, the operator makes real-time adjustments of the multi-beam sonar working parameters via a man-machine interface, while in the autonomous underwater robot it is completed automatically by the autopilot computer. Multi-beam sonar works according to the control commands of the autopilot computer. The computer transmits position data to the multi-beam sonar with a time tag; namely, position data with clock data are sent in a statement. At the same time, a clock synchronization pulse is sent so that time synchronization for the multi-beam sonar contributes to the navigation data without delay. Mini SVS sensor measures sound velocity on the transducer's surface, then sends sound velocity data to the multi-beam sonar system. An inertial measurement unit (IMU) provides the multibeam sonar with heading, pitch, and roll and angle velocity data for the conversion and correction of the attitude. An upload-data interface is used to send the raw data recorded by the multi-beam sonar to a surface board computer for later data-processing. When acoustic synchronization is required, the robot will send a synchronization trigger pulse to trigger the multi-beam sonar to emit an acoustic wave, without interacting with other acoustic sensors.
Installation and Layout
The two transducers of the multi-beam sonar are installed on both sides of the middle-bottom shell of the robot, shaped like a V. There is no reflective surface above the transducer so that there is no reversing scattering. The angle between the normal line and the horizontal plane of each transducer is 30 degrees, and there is no obstacle in the direction of the multi-beam's propagation. The transducer's distance from the stern propeller is half of the robot's length, in order to avoid the disturbance of propeller noise and bubbles as much as possible.
Acoustic Synchronous Design
2.3.1. Acoustic sensors working period. The Doppler velocity log's working frequency is close to that of the multi-beam sonar. To avoid the acoustic equipment from interfering with each other, and to improve the quality of the measurement data, the method of time sharing is used; namely, the multi-beam sonar and the Doppler velocity log, in turn, transmit data as shown in Figure 2 . A synchronous generator is designed to trigger the Doppler Figure 1 . Interface between multi-beam sonar and the robot.
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velocity log and the multi-beam sonar in turn. When the Doppler velocity log completes signal transmitting and receiving, then the multi-beam sonar is triggered to emit an acoustic wave. When the multi-beam sonar receives an echo signal, the Doppler velocity log begins the next cycle of operation. In the detection mode, the multi-beam sonar should completely cover the seabed along the track direction. The detecting area between the lines should not appear blank. It is necessary to design the working period of the multibeam sonar and Doppler log reasonably. If we define sonar's beam angle a, the distance h from the bottom of sea, the working period of Doppler T 1 , average sound velocity c 0 , according to echo spreading time, we get
When the robot's distance from the bottom of sea is equal to the maximum detection height of the multi-beam sonar, the log working period reaches the maximum value. Supposing the robot's swimming control period is T, then the multi-beam sonar's working period T 2 is
2.3.2. Robot's speed. Two transducers of multi-beam sonar transmits in turn, then a strip is get, which is covered together to get a complete bottom topography. Here we give a definition of longitudinal and transverse directions. The direction parallel to sailing direction is longitudinal direction, while the direction perpendicular to sailing direction is transverse direction. To ensure each adjacent strip overlapped with each other and with no gap, robot's speed V should meet the following two requirements:
The moving distance of the robot during the DVL working period is less than the longitudinal strip width of each side transducer. The distance should be divided by two if both side transducers are used. Letting b denotes the multi-beam angle, we can get
During the time between the multi-beam sonar transmitting and receiving the farthest beam, the robot's moving distance is less than half of the longitudinal band width of each side transducer. The slope range of the farthest beam can be calculated via the height from the sea bottom and the width of the lateral coverage. Letting r denote the slope range of the farthest beam, we get
Via (3) and (4), we get
where v 
System Error Correction
After the multi-beam system is installed in the underwater robot, we need to correct the three important system errors: attitude angle; navigation data delay; and sound velocity. Gu eriot et al. presented a calibration approach for system errors, such as attitude angle (2000). Sound velocity in the sea is not uniform. As the multi-beam echo sonar measurement value is determined by the echo time of acoustic wave emitted and by the sound speed profile, it is important to provide the sonar with accurate sound velocity to guarantee reliable measurement data. The sound speed profile can be measured by conductivity, temperature and depth (CTD) sensor. The multi-beam echo sonar system we used can complete sound velocity correction according to the given sound velocity profile. One detection task requires at least three sound velocity profiles in different locations. If the detection range is very large, more sound velocity profiles in different locations are required.
Survey Line Design
For terrain detection, the strip lateral coverage width is eight times the height (from the sea bottom). The multi-beam sonar system emits an acoustic wave at a certain angle. The beam density just below the robot is scarce, and there are few detection data. When detecting, the intervals between survey lines are arrayed as narrow-wide-narrow. . .narrow. As shown in Figure 3 , the survey line begins with a narrow interval, alternates between a narrow and a wide interval, and ends with a narrow line interval. The planning for the survey line interval is to probe detection data just below the robot. In Figure 3 , the width of each side transducer's overlapping area is 120% of the interval, while the width of the right transducer's overlapping area is 20% of the survey line interval. Multi-Beam Sonar Application 285
Application and Test
The multi-beam sonar system installed on the underwater robot was tested in the trial. After the corresponding parameters of (5) are replaced by those of the Doppler velocity log and multi-beam sonar, the speed of the robot should not exceed 2 knots. The control period of the robot is 1.5 seconds. According to the working period assigned by (1) and (2), we can obtain the working period table of Doppler velocity log and multi-beam sonar.
The robot synchronizes the multi-beam sonar system per second, together with sending the current position marked time label (Table 1) . Therefore, the multi-beam sonar system owns the position synchronization function, and consequently, the navigation data delay can be left out. The parameters required to be marked include roll, pitch and yaw angle. Three calibration lines were planned, and the length of each line is 700m, and the distance between lines is 100m. We could get the calibration angle result using the multibeam sonar system calibration software shown in Table 2 .
After completing the calibration tests, we planned two survey lines crossing the calibration line to verify the calibration results. Figure 4 shows the bottom topography from We made the following detection experiments. The robot planned four survey lines. The distance between the first and second survey lines, as well as the distance between the third and fourth survey lines, was not more than 90 m. The distance between the second survey line and the third survey line was less than 180 m. The sailing speed was 2 knots. As shown in Figure 5 , the multi-beam sonar on the robot obtained clear lake bottom topography. There is a steep slope at the top of the figure and next to the steep slope an ancient river crosssing. The middle part of the figure shows a plain followed by a deep groove in the lower right-hand corner. The deepest point is 68 m and the shallowest point is 28 m in the topography.
Conclusions
An ocean survey is an important application for an autonomous underwater robot. The underwater robot has outstanding benefits over a research ship for scientific exploration and benthonic detection. How to better use the detection senor on the robot, such as the multi-beam sonar, is a key problem. The techniques for the application of the multi-beam sonar on an underwater robot have been discussed in this paper. The main contents include interface, installation, acoustic synchronization, system error correction, and survey line design. The trials show the validity of the proposed techniques. The research the multi-beam sonar application on the autonomous underwater robot provides a new mode compared to traditional marine exploration by research ship, and also lays the technical foundation for underwater robot detection.
